Ellipsoidal quantum dot structures are proposed and studied with ab inito calculations. A comparison of the formation energy with spherical partners shows small differences. However, electronic and optical properties are distinct. Because electronic states have different sensitivities to aspect ratio changes, selected frontier orbitals are driven into the gap and an overall level shifting allows for absorption in the visible range. Our result shows the importance of both size and shape for the gap engineering of silicon quantum dots. DOI: 10.1103/PhysRevB.76.081305 PACS number͑s͒: 73.22.Ϫf, 61.50.Ah, 73.21.La, 78.67.Bf Advances in synthetic methods 1-4 have made possible the efficient production of silicon quantum dots ͑QDs͒. The exhibited photoluminescence has a tremendous potential for applications, ranging from optoelectronical devices 5 to biological labels. 6 In parallel with extensive experimentation there has been intense work in understanding, through atomistic modeling, 7-11 the intimate connection between the structure and optical properties.
Ellipsoidal quantum dot structures are proposed and studied with ab inito calculations. A comparison of the formation energy with spherical partners shows small differences. However, electronic and optical properties are distinct. Because electronic states have different sensitivities to aspect ratio changes, selected frontier orbitals are driven into the gap and an overall level shifting allows for absorption in the visible range. Our result shows the importance of both size and shape for the gap engineering of silicon quantum dots. Advances in synthetic methods [1] [2] [3] [4] have made possible the efficient production of silicon quantum dots ͑QDs͒. The exhibited photoluminescence has a tremendous potential for applications, ranging from optoelectronical devices 5 to biological labels. 6 In parallel with extensive experimentation there has been intense work in understanding, through atomistic modeling, [7] [8] [9] [10] [11] the intimate connection between the structure and optical properties.
The ultrasmall 1 -2 nm-diam range poses the most experimental difficulties but it is suitable for accurate ab initio modeling. Theoretical works have focused on calculating size-dependent properties of selected QD motifs with nearspherical shapes and bulklike cores. [7] [8] [9] [10] Small shape changes within the same size bulklike motif 7, 11 appear not to have a notable effect on optical properties.
As QDs are metastable structures, there is a quest to find the lowest energetic configuration for a given number of atoms ͑N͒. A spherical shape minimizes the surface area and possibly the QD formation energy ͑f͒. Following the Wulff decomposition approach, f depends on the exposed surfaces s, vortexes v, and edges e, as well as on the QD core structure-i.e., f = ͑E c + E e + E v + ͚ s ␥ s ͒ / N. 12 If the core ͑E c ͒, surface ͑␥ s ͒, vortex ͑E v ͒, and edge ͑E e ͒ energies, are parametrized based on accurate ab initio calculations carried out on the smallest QDs, the resulting scaling law can be used to make predictions at computationally prohibitive QD sizes.
Bulklike QDs ͑i.e., E c = E bulk ͒ can form stable structures. However, for the small QD sizes of technological interest, certain magic numbers N of Si atoms can be arranged with enhanced stability in nonbulk QDs. For example, 12 favorable QDs with maximal I h symmetry can be formed if the core includes stacking faults ͑E f ͒ and shear strain ͑E sh ͒.
Here we propose new nonbulk constructions with slightly ellipsoidal shapes. Their thermodynamic advantage is demonstrated with accurate ab initio calculations and supported with a Wulff energy decomposition approach. Detailed analysis of electronic states reveals that the slight departure from spherical shape drives significant changes in the electronic and optical properties. Ellipsoidal QDs exhibit isolated electronic levels in the gap similar to the ones introduced by an impurity. Optical gaps and the overall absorption spectrum are strongly affected. On the other hand, the presence of a small amount of surface oxygen does not have a notable influence on the shape-induced gap states.
The structural optimizations and optical calculations reported here were carried out within the density functional theory ͑DFT͒ in the generalized gradient approximation, which combines the Perdew-Wang correlation with the Becke exchange functional. 13 The double-numeric-polarized basis set was utilized. The forces in the converged calculations were less than 0.01 eV/ Å. The D 6d QDs have slightly oblate shapes with the short axis ͑c͒ passing through the center of stacked hexagons. Table I , reporting the QD dimensions and formation energies, indicates that QDs have good stability and that their aspect ratio ͑a / c͒ does not significantly change with size. Concerning the f comparison, we can directly compare 14 the values for the hydrogenated ellipsoidal-spherical partners because they have identical stochiometry. Notably, our data show that the shape change has only a small influence on f.
It is useful to corroborate the evidence presented in Table  I with an estimate based on the structural decomposition of f entered in Table II . We obtained
i.e., the difference is size independent and mainly due to the difference in shear strain accumulated in the QDs. This value was estimated, without DFT calculations, based only on the QD geometry and K, the shear modulus for Si. There is remarkable agreement when the same quantity is computed with the available DFT data from Table I , which obviously demonstrates the reliability of the Wulff approach. To establish the size range stability of the D 6d QDs we rely on a previous I h -bulk-like QD comparison 12 that demonstrated the advantage of the former up to 5 nm in diameter. We conjecture in view of Eq. ͑1͒ the same stability range for our QDs. We next investigated the electronic properties of the D 6d QDs and focused on possible differences with their I h partners. Figure 2͑a͒ , which displays the energy spectrum for the l = 1 and 2 hydrogenated QD partners, reveals several remarkable aspects. Within the same symmetry family, the signature of the quantum confinement can be noted since there is a significant decrease in the highest occupied and lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap as the QD size increases, from 3.23 ͑3.66͒ eV to 1.88 ͑2.41͒ eV, for Si 24 H 24 ͑Si 20 H 20 ͒ and Si 120 H 72 ͑Si 100 H 60 ͒, respectively. When comparing same size QDs, both foreseeable and surprising features can be seen: ͑i͒ There is a dramatic increase in the orbital degeneracy reflected in the visible increase in the level spacing with the increase in symmetry. This is also portrayed in Fig. 2͑b͒ , showing an enhanced discreteness in the density of states ͑DOS͒ for Si 100 H 60 in comparison with Si 120 H 72 . ͑ii͒ The QD's shape can induce significant band- ␥ f = 0.06 eV ͑the stacking fault energy͒ and shear strain E sh : K = 5.9 eV/atom ͑the shear modulus͒, ⑀ = −2 /5, ⑀Ј = −2 / 6, and = 2 tan Fig. 2͑b͔͒ , look essentially like gap states introduced by an impurity ͑see, for instance, the gap states introduced by oxygen 15 ͒. More insight into the gap states can be gained from a detailed analysis of their spatial orbital distributions, presented in Fig. 3 ͑top͒. Unlike the localized states introduced by an impurity, our gap states have a unique delocalized aspect. Interestingly, as can be seen from Fig. 3 ͑bottom͒, we could identify similar orbital patterns in spherical QDs. Regarding the HOMO levels, the obtained zigzag spatial distribution suggests that they are formed by localized bonds. Additionally, they have a layered appearance and are distributed along the a dimension of the ellipsoid. Overall, there is a clear correspondence of the HOMO states of Si 24 ͑Si 120 ͒ with one for the degenerate HOMO ͑HOMO− 1͒ states of the Si 20 ͑Si 100 ͒ I h QDs. Next, we noted that all LUMO states ͑nondegenerate͒ show a similar nonpreferential spreading and are all in excellent correspondence. Finally, the single LUMO+ 2 ͑LUMO+ 1͒ orbitals are constructed mainly by bonds and are distributed along the c dimension. Their pattern corresponds perfectly with the one of the degenerate LUMO+ 1 states of the I h QDs. A separate frontier orbital analysis of the Si 96 H 96 shell, whose energy levels are presented in Fig. 2͑c͒ , indicated orbital distributions ͑not shown͒ identical with the outer-shell part of Si 120 H 72 . In fact, a closer look at Fig. 3͑a͒ reveals an additional peculiar feature ͑best visible for the HOMO͒-namely, that all gap orbitals describe intralayer bonding only.
The above orbital recognition exercise suggests that the nondegenerate gap states are not newly created but arise due to the degeneracy lifting when the spherical QD lowers its symmetry through a Jahn-Teller active "squash" deformation. 16 Note that similarly distributed orbitals can be found in the C 60 molecule where the Jahn-Teller selective splitting of the degenerate levels due to photoexcitations and deformations is well studied. 17 The efficient moving into the gap of selected frontier states can be attributed to their unique intralayer spatial distribution coupled with the a and c dimensions. Such features make them more sensitive to aspect ratio changes than the other frontier orbitals. This is confirmed by Fig. 2͑c͒ , which plots the energy levels for the hydrogenated outer shell at two a / c aspect ratios: 1.30 as in its relaxed state and 1.13 as in the outer shell of Si 120 H 72 . The signature of the Jahn-Teller effect can be seen in the larger gap at the increased aspect ratio. Among all frontier orbitals, the change in the aspect ratio to 1.13 has a notable effect on the gap orbitals only: The HOMO and LUMO levels are pushed into the gap, while the LUMO+ 2 state is lowered to the extent that it becomes LUMO+ 1. An additional separate analysis of the other frontier orbitals proven less sensitive to aspect ratio changes confirmed a spatial distribution less coupled to the a and c directions.
While primarily focusing on shape-induced changes, we have also investigated the degree to which the alternative way of altering the gap configuration through surface chemistry 10, 15 affects our gap states. In this respect, we have carried out calculations with the most commonly studied OH surface contamination. We chose to substituted one H with one OH passivation at two meaningful locations: ͑A͒ on the hexagonal and ͑B͒ on the pentagonal rings. The optimization results indicated that the gap states are preserved. In the energy spectrums we noticed in both cases just a small gap increase from 1.9 eV to ϳ 2.0 eV. Figure 4 , plotting the optical absorption intensity for the hydrogenated Si 120 and Si 100 QDs, illustrates the overall dramatic consequences of the small shape change. The effect of the degeneracy removal is portrayed by the more spread aspect of the absorption curve for the former, in contrast with the discrete and sharper peaks for the latter. There is significant overall level shifting towards the gap in the D 6d QD. This indicates the presence of some other deeper orbitals more sensitive to shape changes than others. For example, based on an orbital visualization analysis we concluded that the first transition in the D 6d QD corresponds to a transition contributing to the third peak in the I h QD ͑see down arrows of Fig. 4͒ . An important consequence of level shifting is that absorption in the visible range ͑practically nonexistent for the I h QD͒ becomes now significant. Note that the optical gaps are different than the electronic gaps because of the transition change in the parity requirement. The shapeinduced gap states have an influence on the optical absorption gaps. The transition from the HOMO− 1 to the LUMO + 1 gap state causes the first absorption peak at 2.32 eV. This is a much lower value than the 2.98 eV optical gap of Si 100 H 60 . In spite of the small intensity of this first transition peak, it still could be important for photoluminescence and may cause a splitting between absorption and photoluminescence spectra, as experimentally observed in highly prolate CdSe QDs. 18 Further, the inset in Fig. 4 , showing the calculated absorption spectra of Si 120 OH 72 with the OH attached at the A and B surface locations, indicates that the surface oxygenation has a only small influence.
In conclusion, using accurate ab initio calculations, we proposed new magic silicon QDs with N = 24͚ i=1 l i 2 and l =1,2, ... ,6. Although isoenergetical with the same size spherical I h QD, their electronic energy spectrum is different. The ellipsoidal shape drives into the gap the frontier orbitals responsible for the intralayer binding, while the other levels are dense. This static Jahn-Teller effect is attractive in view of the current difficulties in performing doping in nanostructures. [19] [20] [21] Our result suggests an interesting alternative, through shape control of highly symmetric nearspherical QD constructions. The differences in optical properties with the same size spherical QD partners containing a slightly different N illustrates the nonscalable aspect 22 of the investigated size regime; i.e., a small-N difference leads to a dramatic change in optical properties.
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